The purpose of this study is to evaluate dose-volume histogram (DVH) predictors for the development of chronic gastrointestinal (GI) complications in patients with cervical cancer who have undergone postoperative concurrent chemotherapy and whole-pelvic radiation therapy (WPRT). The subjects were 135 patients who had undergone postoperative WPRT with concurrent nedaplatin-based chemotherapy between 2000 and 2014. Associations between selected DVH parameters and the incidence of chronic GI complications of G3 or higher were evaluated. Chronic GI complications of severity G3 occurred in 18 (13%) patients. Patients with GI complications had significantly greater V5-V45, mean dose and the generalized equivalent uniform dose (gEUD) of the small bowel loops, compared with those without GI complications. V30-V45, mean dose and gEUD of the bowel bag also showed significant differences between patients with and without GI complications. In contrast, no parameter for the large bowel loop was correlated with GI complications. Receiver operating characteristics curve analysis indicated that V30-V45 of the small bowel loops were better predictors than these respective parameters for the bowel bag. Next, patients were divided into four groups based on the median V15 and V40 of the small bowel loops. The group with both a high V15 and a high V40 showed a significantly higher probability of chronic GI complications. In conclusion, the small bowel loops are better predictors of chronic GI complications compared with the bowel bag, and a relatively high-dose volume (e.g. V40) of the small bowel loops is a useful predictor of chronic GI complications.
INTRODUCTION
Postoperative whole-pelvic radiation therapy (WPRT) with or without chemotherapy is recommended in patients after radical hysterectomy for uterine cervical cancer with high-or intermediate-risk clinicopathological factors. However, patients who have received WPRT after radical hysterectomy may suffer chronic gastrointestinal (GI) complications. The small bowel is a critical organ in these complications, and we previously found that dose-volume histogram (DVH) parameters of the small bowel loops are predictive for chronic GI complications in conventional 2D radiation therapy (2DRT) or 3D conformal radiation therapy (3DCRT) given concurrently with nedaplatin [1] .
Based on these results, since October 2010 we have used intensitymodulated radiation therapy (IMRT) as postoperative WPRT for uterine cervical cancer [2] . Since publication of our DVH findings, several other reports have shown a correlation between DVH parameters and chronic GI complications in patients with postoperative cervical cancer [3, 4] . However, several questions remain. First, it is unclear which of the small bowel loops or the bowel bag is a better predictor of chronic GI complications. Second, there is inconsistency with regard to the optimal parameters (high-dose or low-dose) for chronic GI complications. Therefore, we evaluated the optimal organs (small bowel loops or bowel bag) and optimal parameters (high-dose or low-dose) for prediction of chronic GI complications. We hypothesized that differences in optimal parameters may be partially due to variation in radiation therapy (RT) planning (because DVH parameters differ considerably among planning methods) and that clearer results may be obtained using data from a variety of DVH profiles, including IMRT. Therefore, we evaluated DVH predictors for the development of chronic GI complications in patients with cervical cancer who had undergone postoperative concurrent chemotherapy and WPRT with RT planning, including 2DRT, 3DCRT and IMRT.
MATERIALS AND METHODS

Patients
The study was performed as a retrospective chart review and was approved by our institutional review board. A total of 196 patients with clinical IB1-IIB uterine cervical cancer underwent open radical hysterectomy and postoperative RT at our institute between April 2000 (when we started to use concurrent nedaplatin-based chemotherapy) and June 2014. Postoperative RT is indicated when a pathological report includes one of the following high-risk prognostic factors: parametrial invasion, pelvic node metastasis, and a positive surgical margin; or one of the following intermediate-risk prognostic factors: deep stromal invasion, lymphovascular invasion, and a large tumor (>4 cm in diameter). Sixty-one patients were excluded from the study: 18 who received extended-field RT alone because of multiple lymph node metastases [5] , 19 who underwent clinical trials of WPRT with concurrent carboplatin and paclitaxel [6] , 13 who refused concurrent chemotherapy, 3 who received intracavitary brachytherapy with WPRT because of a close surgical margin, 4 who were lost to follow-up within six months, and 4 early patients who did not undergo treatment-planning computed tomography in the 2DRT era. The remaining 135 patients were analyzed in this study and had a minimum follow-up period of 6 months.
Radiation therapy and chemotherapy
Changes in treatment planning for postoperative concurrent nedaplatin-based chemotherapy and WPRT at our institution are shown in Fig. 1 . Briefly, WPRT was delivered with 3DCRT planning starting in April 2008 and with IMRT planning starting in October 2010. 2DRT planning was delivered with an anteroposterior parallel opposing technique and 3DCRT planning with a fourfield box technique (0, 90, 180 and 270°), except for patients with ovarian transposition. The prescribed radiation doses were 50 Gy in 25 fractions before October 2010. After IMRT was started in October 2010, the prescribed radiation dose was 50.4 Gy in 28 fractions. The organs at risk that were contoured comprised the small bowel loops, large bowel loop and bowel bag. Details of RT and contouring of bowels have been described elsewhere [1, 2] . Nedaplatin (40 mg/m 2 ) was given intravenously on a weekly basis for 5-6 weeks during the course of WPRT. (gEUD), as proposed by Niemierko [7] , represents the homogeneous dose distribution that results in the same probability of complications as that of an inhomogeneous dose distribution. The gEUD was calculated as follows:
where n is a parameter that describes the volumetric dependence of the dose-response relationship for each organ. When n = 1, the gEUD is equal to the mean dose, and a lower n value indicates stronger high-dose sensitivity. The value of n of 0.15 for the bowels was taken from Burmen et al. [8] .
Receiver operating characteristics (ROC) curve analysis of each DVH parameter was performed to select the most relevant threshold for prediction of chronic GI complications of G3 or higher. The predictive value of a parameter was evaluated based on the area under the ROC curve (AUC). The actuarial incidence of GI complications was calculated with the Kaplan-Meier method, and differences between groups were compared by log-rank test. The predictive value of DVH parameters (V40 or gEUD of the small bowel loops) for GI complications was evaluated in a binary logistic regression model. Development of GI complications was used as the quantal endpoint. All statistical analyses were performed with R ver. 3.2.0 (The R Foundation for Statistical Computing, Vienna, Austria). A P value <0.05 or a 95% confidence interval not encompassing 1 were considered to be significant. All statistical tests were 2-sided.
RESULTS
The characteristics of the 135 patients are shown in Table 1 . The median follow-up period from the start of RT was 55 months (range 6-145 months) for all patients, 74 months (range 8-145 months) for 2DRT, 59 months (range 7-80 months) for 3DCRT, and 31 months (range 6-51 months) for IMRT. The Eastern Cooperative Oncology Group performance status was 0-1 for all patients. Chronic GI complications of severity G0-2 and G3 occurred in 117 (87%) and 18 (13%) patients, respectively. There were no G4-5 complications. All G3 complications were enterocolitis, obstruction or both. The median time from the start of RT to onset of G3 chronic GI complications was 13 months (range 3-109 months), and 83% of G3 complications occurred within 31 months. The incidence of G3 chronic GI complications was analyzed as a function of clinical factors. The results of univariate analysis are shown in Table 2 . Low body mass index (≤21) was significantly associated with GI complications. Smoking habit also tended to be higher in patients with GI complications, but without significance.
The mean DVH parameters of the small bowel loops, large bowel loop and bowel bag of patients with or without GI complications are shown in Table 3 . Patients with GI complications had significantly greater V5-V45, mean dose and the generalized equivalent uniform dose (gEUD) of the small bowel loops, compared with those without GI complications. V30-V45, mean dose and gEUD of the bowel bag also showed significant differences between patients with and without GI complications. In contrast, no parameter for the large bowel loop was correlated with GI complications.
ROC curve analysis was performed to identify predictors of GI complications among DVH parameters for the small bowel loops and bowel bag. The results are shown in Table 4 . AUCs for V5-V45 of the small bowel loops were >0.8, indicating that V5-V45 have good accuracy for prediction of GI complications. Among these parameters, V40 of the small bowel loops had the highest AUC (0.89). Comparisons of ROC curves between the small bowel loops and bowel bag for the respective parameters are shown in Fig. 2 . This analysis indicated that V30, V40 and V45 of the small bowel loops were better predictors than these respective parameters for the bowel bag.
We next investigated why parameters of the small bowel loops have greater accuracy than those of the bowel bag. The bowel bag consists of the small bowel loops, large bowel loop and mesenteric fatty tissue (Fig. 3A, B) . Mean DVH parameters for the small bowel loops strongly correlated with GI complications, but those for the large bowel loop did not do so ( Table 3 ). The remaining volume of mesenteric fatty tissue may also affect GI complications, but there was no correlation between this volume and that of the small bowel loops (Fig. 3C) . Also, when patients were divided into four groups by the median V40 of the small bowel loops (mV40 SB ; 239 ml) and the median volume of mesenteric fatty tissue, those with V40 > mV40 SB had a higher rate of GI complications than those with V40 ≤ mV40 SB regardless of the mesenteric fatty tissue volume (Fig. 3D ). These data indicate that neither large bowel loop parameters nor the volume of mesenteric fatty tissue are correlated with GI complications.
Our data suggest that several DVH parameters of the small bowel loops have high accuracy for prediction of chronic GI complications. Therefore, we evaluated the relationships between V15 (relatively low dose) and V40 (relatively high dose) of the small bowel loops and the correlation between GI complications and these parameters. Patients were divided into four groups based on the median V15 (mV15 SB ; 330 ml) and mV40 SB : Group 1 (V15 ≤ mV15 SB and V40 ≤ mV40 SB ), Group 2 (V15 ≤ mV15 SB and V40 > mV40 SB ), Group 3 (V15 > mV15 SB and V40 ≤ mV40 SB , and Group 4 (V15 > mV15 SB and V40 > mV40 SB ). The actuarial rates of GI complications for these groups are shown in Fig. 4A . The level of GI complications of Group 4 was significantly higher than that of Groups 1-3 (Fig. 4B) . The 3-year cumulative incidence of G3 chronic GI complications was significantly higher in patients with V40 of the small bowel loops >225 ml compared with those with V40 ≤ 225 ml (P < 0.001) (Fig. 5A) , and in patients with gEUD of the small bowel loops >46.0 Gy compared with those with gEUD ≤ 46.0 Gy (P < 0.05) (Fig. 5B) . The logistic regression curve indicated that V40 of 300 ml or gEUD of 47.1 Gy resulted in a 10% probability of G3 chronic GI complications (Fig. 5C, D) .
DISCUSSION
Several reports have shown that DVH parameters of the bowels are associated with chronic GI complications postoperatively in patients with cervical cancer [3, 4] . However, the best parameters for prediction of chronic GI complications are still poorly understood. Chopra et al. found that V15 of the small bowel loops or V15 of the large bowel loop is an independent predictor of chronic GI complications of G3 or higher [3] . Our data indicated that several parameters of the small bowel loops, including V15, have good accuracy for prediction of GI complications, whereas parameters for the large bowel loop did not correlate with radiation-induced GI complications. This discrepancy in the contribution of the large bowel loop to chronic GI complications between Chopra et al. and the current study may be due to treatment with or without brachytherapy, different surgery (in Chopra et al., 68% of cases were treated with simple hysterectomy), and the higher DVH parameters of the small bowel loops and large bowel loop in our study (Table 3) . In fact, all of these parameters were much higher than those in Chopra et al., and the difference in DVH parameters might be due to differences in the physical characteristics of the patients in the two studies. There were many thin patients in our study: 66/135 patients (49%) had BMI ≤ 21. A further study is required to confirm the best predictors of chronic GI complications.
We have also shown that the small bowel loops may be better predictors of chronic GI complications compared with the bowel bag in 2DRT and 3DCRT [1] . In the current study, we examined which parameter correlated with development of chronic GI complications in 2DRT, 3DCRT and IMRT. V30-V45 of the bowel bag correlated with development of chronic GI complications, but ROC curve analysis clearly indicated that parameters for the small bowel loops are better predictors of these complications. The small bowel loops may be better predictors of chronic GI complications because the bowel bag includes mesenteric fatty tissue and the large bowel, which are not correlated with chronic GI complications, as well as the small bowel loops. Therefore, we recommend contouring of the small bowel loops for prediction of chronic GI complications, in addition to contouring of the bowel bag for evaluation of potential acute GI complications [9] or use of dose constraints [10] . However, the small bowel DVH parameters were estimated based on only one radiation treatment planning CT before RT, while daily variability in distension or movement of the small bowel during the treatment course may affect the dose-volume profile. Hysing et al.
reported that isotropic margins of up to 30 mm are required to account for all intestinal motion in 90% of bladder cancer patients [11] . Therefore, further studies will be necessary to investigate the influence of intra-and interfraction motion of the small bowel loop on chronic GI complications. We evaluated the relationship between V15 (relatively low dose) and V40 (relatively high dose) of the small bowel loops because several DVH parameters of the small bowel loops were predictive for chronic GI complications. Our data indicated that both V15 and V40 of the small bowel loops affected chronic GI complications. It should be noted that patients with a volume above the threshold volume did not show a greater frequency of chronic GI complications unless another volume exceeded the threshold. Previous clinical reports have suggested that IMRT is useful for decreasing chronic GI complications by reducing the relatively high-dose volume to the bowels [2, 12] . Also, due to the properties of IMRT, it is difficult to reduce the volume of a relatively low dose. Therefore, a relatively high-dose volume (e.g. V40) to the small bowel loops is an achievable goal for dose constraint that may reduce chronic GI complications. Additionally, we evaluated the gEUD of the small bowel loops because varied and inhomogeneous RT planning was included in the study. The 3-year cumulative incidence of G3 chronic GI complications was significantly higher in cases with gEUD > 46.0 Gy compared with those with gEUD ≤ 46.0 Gy. Therefore, a gEUD of the small bowel loops >46.0 Gy is also a useful predictor of chronic GI complications.
We used weekly nedaplatin as concurrent chemotherapy, whereas chemotherapy with 40 mg/m 2 cisplatin weekly is now accepted as the standard first-line treatment, and we cannot exclude the possibility that the DVH predictors found in this study may be chemotherapy specific. However, nedaplatin (cis-diammine-glycoplatinum), a derivative of cisplatin, was developed by the Shionogi Pharmaceutical Company in Japan with the aim of reducing renal toxicity but maintaining efficacy, compared with cisplatin [13] . The G3 chronic GI complication rate of 13% in our study is similar to that observed with the use of other postoperative concurrent platinum-based chemotherapy and WPRT for cervical cancer [14, 15] . Therefore, we believe that our results are likely to be similar to those that would be obtained with cisplatin.
In conclusion, DVH parameters of the small bowel loops serve as predictors of chronic GI complications of severity G3 after postoperative concurrent chemotherapy and WPRT. Relatively high-dose volumes (e.g. V40) are useful predictors of chronic GI complications and are candidates for dose constraints in IMRT. We recommend that V40 of the small bowel loop should be <300 ml to avoid chronic GI complications in postoperative pelvic irradiation.
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